Monkeypox virus (MPXV) infection has recently expanded in geographic distribution
Monkeypox virus (MPXV) is a member of the genus Orthopoxvirus, which includes variola (VARV), cowpox, vaccinia, and camelpox viruses. MPXV was first isolated in 1958 in Denmark from an imported cynomolgus macaque, and the initial reported human cases were described in the early 1970s in central Africa (1, 2) . Prior to smallpox eradication, human MPXV infections likely were misdiagnosed as variola virus infections due to the prevalence of variola virus and the similarity of disease presentation (22) . While variola virus, the causative agent of smallpox, was restricted to human-to-human transmission, MPXV is a zoonotic disease of primarily central Africa that is maintained in a rather broad animal reservoir, including squirrels and other rodents (7, 18) . In humans, incidental MPXV infection is characterized by marked lymphadenopathy and shares many features of variola disease, including high fever, headache, malaise, and lesion development. While MPXV disease in humans is considered to be less severe than disease associated with smallpox, case fatality rates of up to 10% have been reported with outbreaks caused by viruses of the virulent central African clade (25) . In contrast, western African clades are associated with less severe infection in humans and nonhuman primates (NHPs) (6, 34) . The majority of human MPXV infections are attributed to close contact with animal carriers of the virus, and MPXV transmission between humans is considerably less efficient than variola virus transmission (35, 41) . Secondary attack rates of MPXV in nonvaccinated household members were reported to be 9%, whereas that for variola virus was 58% (28) . However, a recent report detailed an outbreak where six degrees of transmission from a single case were reported in a hospital, highlighting the public health threat of MPXV (24) .
Several factors have led to a recent increase in research efforts to understand the pathogenesis of MPXV and other orthopoxviruses and to identify countermeasures to these agents. First, MPXV is a classical case of an emerging zoonotic disease, as the reported incidence and geographical range of disease in Africa has increased during the past three decades (28) . In 2009, the World Health Organization reported 1,379 MPXV cases, with 21 fatalities (1.5% case fatality rate) (42) . Recently, Rimoin et al. have demonstrated that the incidence of MPXV has increased since the cessation of VARV vaccination, and the increase is observed in the unvaccinated population in the area in which it is endemic, supporting the importance of MPXV as an emerging infectious disease and the necessity for improved countermeasures (32) . Further support for the emergence of MPXV occurred during a 2003 outbreak of roughly 70 MPXV cases in the United States that was traced to contact with domestic prairie dogs that were exposed to MPXV-infected imported rodents (29) . Overall, the severity of disease in the United States was relatively mild, although 26 patients were hospitalized, and likely could be attributed to the lower virulence of the western African strain that caused the outbreak. A second factor that has accelerated MPXV research is the concern that MPXV or variola virus could be used as an agent of bioterrorism (20, 28) . The intentional release of variola virus or even a virulent MPXV strain into an increasingly nonvaccinated population would result in a severe public health emergency, and currently insufficient countermeasures exist. Finally, while variola virus research is highly restricted, MPXV serves as an excellent surrogate virus for study, since disease caused by the viruses is similar in presentation.
Several recent studies have used NHP models of MPXV infection to evaluate anti-orthopoxvirus vaccines and antivirals and to investigate viral pathogenesis (8, 10, 11, 16, 36, 38, 39, 40, 43) . The majority of these studies have used the intravenous (i.v.) inoculation of 5 ϫ 10 7 PFU of central African strains of MPXV. While the i.v. infection of NHPs causes severe lesional disease, results in considerable morbidity, and has proven to be a useful model, it does not optimally reflect authentic human disease. The i.v. administration of this high viral dose appears to eclipse the incubation period of approximately 10 to 12 days that is observed in humans, resulting in an accelerated fulminant disease. Furthermore, the natural route of variola virus transmission and secondary MPXV transmission in humans is primarily by respiratory exposure (1) . Therefore, investigations using aerosol (43) , intratracheal (i.t.) (39, 40) , and intranasal (i.n.) (34) MPXV administration recently have been reported, which may comprise elements that improve upon the i.v. model. The importance of identifying an optimal animal model to characterize MPXV pathogenesis and test countermeasures has been reinforced by two draft guidance documents from the Food and Drug Administration pertaining to the "Animal Rule" that indicate that the route and dosage of administration, quantification of exposure, time to onset of disease, and time course/progression of disease are critical factors for the determination of the suitability and acceptability of an animal model for efficacy studies (http: //www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch .cfm?CFRPartϭ314&showFRϭ1&subpartNodeϭ21:5.0.1.1.4.9).
In the current study of MPXV disease in cynomolgus macaques, we sought to (i) expand our understanding of the clinical, virological, immunological, and histopathological parameters and dose response of i.v. infection, (ii) determine the potential utility of intrabronchial (i.b.) infection as an improved model of simulated respiratory infection with a potentially slower progression of disease, and (iii) compare the disease sequelae of this novel respiratory exposure to that of i.v. exposure. The i.b. inoculation of NHPs has been reported to be an effective method for the delivery of simian varicella virus, adenovirus vectors, and Mycobacterium tuberculosis (4, 23, 27) . Inoculation by the i.b. route appears to be a consistent and repeatable method of inocula delivery, because administration is based on anatomical landmarks and the quantity of inocula can be readily measured and completely administered. In addition, the equipment required for the procedure, a pediatric bronchoscope, is relatively inexpensive compared to aerosolization equipment, and veterinary staff commonly are experienced in the procedure. Here, we compare the clinical disease and pathogenesis of i.v. and i.b. infection and relate the results to existing models of orthopoxvirus infection and human disease.
MATERIALS AND METHODS
Virus and cells. MPXV Zaire 79 strain was propagated in Vero E6 cells at a multiplicity of infection (MOI) of 0.1 for 7 days. Vero E6 cells were maintained in Dulbecco's modified essential medium (DMEM) (HyClone, Logan, UT) supplemented with 10% fetal bovine serum (FBS) (HyClone, Logan, UT) and 1% penicillin and streptomycin at 37°C with 5% CO 2 . BSC-1 cells were maintained in MEM supplemented with 10% FBS and 1% penicillin and streptomycin at 37°C with 5% CO 2 . Inoculum for challenge experiments was prepared by the disruption of Vero E6 cells in an ultrasonic processor VCX-750 (Sonics and Materials, Newtown, CT) for 120 s at 40% power on ice, followed by centrifugation (500 ϫ g for 10 min at 4°C).
Challenge of NHPs. Cynomolgus macaques (Macaca fascicularis) of both sexes, ranging in size from 3 to 6 kg, were housed in biosafety level 3 containment. Prior to enrollment, NHPs were screened for simian retrovirus (SRV), simian T-lymphotrophic virus (STLV), MPXV, vaccinia virus (VACV), and cowpox virus by quantitative PCR. In addition, NHPs had no detectable neutralizing antibody activity against VACV, as determined by the flow-cytometric assay described below (9) . All animal procedures were approved by the National Institute of Allergy and Infectious Diseases Animal Care and Use Committee and adhered to National Institutes of Health (NIH) policies.
For i.v. inoculation, NHPs were anesthetized with telazol, and 1 ml of virus inoculum was injected into the saphenous vein with a 21-gauge needle. Serial 10-fold dilutions of MPXV from 5 ϫ 10 7 to 5 ϫ 10 4 PFU were administered to groups of six (5 ϫ 10 7 and 5 ϫ 10 6 PFU) or three (5 ϫ 10 5 and 5 ϫ 10 4 PFU) NHPs. For i.b. inoculation, NHPs were anesthetized as described above, and inocula were delivered by placing a pediatric bronchoscope into the left tertiary bronchus. One ml of inoculum was placed into the bronchoscope's sampling port and flushed with 2 ml sterile phosphate-buffered saline (PBS) and 5 ml of air. Serial 10-fold dilutions of MPXV from 5 ϫ 10 6 to 5 ϫ 10 4 PFU were administered to groups of six (5 ϫ 10 5 PFU) or three NHPs (5 ϫ 10 6 and 5 ϫ 10 4 PFU). Challenged NHPs were monitored twice daily for clinical signs of disease. Physical exams (PE), including the monitoring of temperature, weight, and lesion count, were performed on study day Ϫ7, 0, 3, 5, 7, 9, 11, 14, 16, 20, 22 , and 36 or study day Ϫ7, 0, 2, 4, 6, 8, 10, 12, 16, 21, and 36. On PE days, oral and nasal swabs and blood were collected and assayed for viral load. Blood samples also were assayed for complete blood count analysis, serum chemistry levels, and cytokine levels. Peripheral blood mononuclear cells (PBMCs) were isolated for flowcytometric analysis as described below. Lesional disease was monitored by the enumeration of skin lesions and the classification of lesions into stages from macular to scab for each NHP at physical exam. Coalescing lesions were counted as one when discrete borders could no longer be observed.
Hematology and blood biochemistry. PBMCs were isolated from whole blood as follows. EDTA-collected blood tubes were centrifuged at 2,400 rpm for 10 min. The buffy coat was removed, diluted 3ϫ in PBS, and layered over 100% Histopaque. PBMCs were centrifuged at 1,400 rpm for 30 min without braking, removed, and washed with PBS plus 2% FBS. PBMCs then were pelleted and stored in FBS plus 10% dimethylsulfoxide (DMSO) at Ϫ80°C. For flow-cytometric analysis, PBMCs were thawed at room temperature, washed with PBS plus 2% FBS, and pelleted at 1,500 rpm for 10 min. Samples were surface stained with a custom antibody cocktail (BD Biosciences, Franklin Lakes, NJ) for CD3, CD4, CD8, CD14, CD16, CD20, and CD45 for 30 min, washed with PBS plus 2% FBS, and pelleted at 8,000 rpm for 2 min. Cells then were fixed with 0.1% paraformaldehyde, and data were collected on an LSRII (BD Biosciences Franklin Lakes NJ) and analyzed by FlowJo v8.6.3 (TreeStar Inc., Ashland, OR). Monocytes were identified by gating on CD45 and CD14. T cells were gated on CD45, then on CD3, and then on either CD4 ϩ or CD8 ϩ for analysis.
Quantification of viremia by qPCR. Viral load in whole blood was determined by quantitative PCR (qPCR) after DNA isolation using Genfind v2 according to the manufacturer's directions (Agencourt, Danvers, MA). Isolated DNA was screened for the presence of the MPXV HA gene with a LightCycler apparatus (Roche, Basel, Switzerland). Five l of isolated DNA was incubated with 15 l of reaction mix (10 l of MasterMix, 4.5 l of ultrapure water, and 0.5 l primers directed at the HA [B2R] gene) (37) . Thermal cycling for the LightCycler was performed as follows: 1 cycle at 95°C for 5 min, followed by 45 cycles of 95°C for 10 s and 60°C for 20 s. A fluorescence reading was taken at the end of each 60°C step. Each reaction capillary tube was read in channel 1 (F1) at a gain setting of 16, with data analysis performed using the LightCycler data analysis software (version 3.5.3). Sample curves were analyzed by using the second derivative maximum with the baseline adjustment set to arithmetic. The limit of detection was 10 gene copies per ml.
Plaque assay. The level of infectious virus in tissue samples was assayed by plaque assay on BSC-1 cell monolayers. Briefly, 10-fold serial dilutions of 10% tissue homogenates were incubated with BSC-1 cells in 12-well plates. After 1 h of adsorption, cells were overlaid with 1.6% agarose and 2ϫ MEM (mixed 1:1) and incubated at 37°C for 3 to 4 days. Following incubation, agarose plugs were removed, the monolayers were stained with crystal violet (0.1% crystal violet, 20% ethanol, vol/vol), and plaques were enumerated. More than 60 tissues from each moribund NHP were evaluated, and the tissues with the highest and most consistent levels of virus replication are described here. Neutralizing antibody assay. The level of neutralizing antibodies in MPXVinfected NHPs was measured by a flow-cytometric assay using a VACV expressing green fluorescent protein (VACV-GFP) as the target virus (9) . In triplicate, serum samples (diluted 1:1,000) from each physical exam day and target virus (MOI of 2.5) were allowed to complex for 1 h at 37°C. The serum and virus mixtures were added to 5 ϫ 10 4 CV-1 cells and treated with 44 g/ml of cytosine arabinoside. Infected cells were incubated for 24 h, followed by trypsinization (trypsin plus 2.5% EDTA), washed twice in PBS plus 2% FBS, and analyzed by flow cytometry for GFP expression using a Fortessa (BD Biosciences, Franklin Lakes, NJ) and analyzed with FlowJo 8.6.3 (TreeStar Inc., Ashland, OR). The percentage of the inhibition of fluorescence is a relative indicator of the neutralizing antibody activity in a given serum sample.
Cytokine and chemokine quantification. The level of 23 cytokines and chemokines in NHP sera was analyzed using the Millipore nonhuman primate cytokine panel premixed 23-plex (Millipore, Billerica, MA). Briefly, plasma samples were transferred to a 96-well plate and incubated with beads coated with antibodies directed against different cytokines or chemokines. For RANTES, a 1:100 dilution was made for each sample. Following incubation, the beads were washed, incubated with anti-cytokine and -chemokine antibodies, and incubated with streptavidin-R-phycoerythrin (SAV/RPE). Beads were assayed on the Luminex 100/200 System (Bio-Rad, Hercules, CA). Cytokines were included for comparison when there was a 2-fold or greater measurable response within a group of NHPs.
Necropsy. Complete necropsies were performed after moribund animals, which met clinical endpoint criteria, were humanely euthanized. Animals that survived infection were euthanized and necropsied at 36 days postexposure.
Tissue samples were collected as required for histopathological analysis and the determination of viral load.
Histology and immunohistochemistry. Tissues were immersion fixed in 10% phosphate-buffered formalin for a minimum of 14 days. Samples then were paraffin embedded and sectioned to 4 m by a microtome. Fixed slides then were stained with hematoxylin and eosin (H&E) and examined by light microscopy. Immunohistochemistry (IHC) assays were performed on a Bond Immunostainer. Briefly, approximately 4-m sections of tissue on glass slides were deparaffinized and rehydrated, and antigen retrieval was performed on the Bond Immunostainer. Sections then were treated with the Bond polymer refine detection system. Positive controls included formalin-fixed, paraffin-embedded spleen, lymphoid tissue, or skin from NHPs infected with monkeypox virus and known to contain high reactivity. Negative controls included spleen or lymphoid tissue from uninfected NHPs. The common reports of interstitial pneumonia as a complication of clinical human smallpox prompted our interest in monitoring signs of respiratory disease in all study NHPs inoculated i.v. or i.b. (1, 26) . However, due to limitations within our animal biosafety level 3 (ABSL-3), we were unable to directly evaluate NHPs for indications of pneumonia or similar respiratory illness. To address these issues, we measured respiratory rate and oxygen saturation and performed daily observations of the NHPs. The data indicate that little change in the efficiency of the respiratory system was evident in the NHPs inoculated i.v. with 5 ϫ 10 7 PFU. Oxygen saturation in circulating blood at the peripheral tissues (SpO 2 ) and respiratory rates remained well within normal limits. NHPs given 5 ϫ 10 6 PFU i.v. demonstrated elevations in respiratory rates, while SpO 2 remained within normal limits. In contrast to the i.v. inoculated NHPs, the 5 ϫ 10 6 -PFU i.b. inoculated NHPs demonstrated an elevated respiratory rate beginning 5 days postinoculation. The respiratory rate remained elevated in NHPs that succumbed to infection (days 19 and 21 postinoculation) or began to return to near-normal levels by day 16 in the surviving NHP within this group. SpO 2 dropped by day 14 in both moribund 5 ϫ 10 6 -PFU i.b. NHPs and rebounded prior to the NHPs becoming moribund. NHPs in the 5 ϫ 10 5 -PFU i.b. group also developed respiratory symptoms, as evidenced by increased respiratory rates, but again SpO 2 levels remained well within normal limits ( Table 2 ). This suggests that while respiratory effects were more severe in the i.b. inoculated animals, the NHPs remained well oxygenated, which limits the impact that the direct lung damage observed at necropsy (see below) may have had on lethality. Daily observations also indicated respiratory distress in i.b. inoculated NHPs, with coughing and/or dyspnea observed between days 5 and 21. However, it should be noted that coughing or other symptoms were not restricted to the i.b. inoculated NHPs but were more common than for i.v. inoculated NHPs.
RESULTS

Clinical
Fever, a prominent feature of human MPXV and variola virus infection, was monitored as a parameter to determine disease onset, duration, and severity (Table 3) . Eighty-three percent of NHPs inoculated i.v. with 5 ϫ 10 7 PFU developed fever (defined as a 2°F increase from the NHP's day zero reading) by mean day 3 and lasting until mean day 11 of the study. Surprisingly, the sole survivor from this dosage group did not develop a fever throughout the course of the study, despite becoming viremic and developing skin lesions. Although temperature increases were detected, only one of six NHPs infected with 5 ϫ 10 6 PFU i.v. and no NHPs at the two lower i.v. doses developed fever as defined here. In contrast, 100% of NHPs infected with 5 ϫ 10 6 PFU i.b. developed fever with a mean peak (103.9°F) equivalent to that of the 5 ϫ 10 7 -PFU i.v. group. The mean day of fever onset for the NHPs Lesion development, one of the hallmarks of MPXV and variola virus infection, is used to gauge disease severity in humans using a four-level scale defined by the World Health Organization. The development of skin lesions in relationship to viremia demonstrates that both inoculation routes resulted in a rapid spread of virus to surrounding tissue, resulting in moderate to severe lesional disease ( Fig. 2 and Table 4 ). The mean peak lesion count, day of lesion appearance, and peak day of lesion count of the i.v. and i.b. groups correlated strongly with the dosage level, although the number of lesions that developed varied widely within groups (Table 4) . While the mean peak lesion count in NHPs infected with 5 ϫ 10 6 PFU i.b. was 3-fold less than that observed in NHPs infected with 5 ϫ 10 7 PFU i.v., the mean day of lesion appearance and mean day of peak lesion count again was delayed compared to that of i.v. inoculation. It should be noted that the 5 ϫ 10 7 -PFU i.v. NHPs that succumbed prior to day 9 developed limited lesional disease, supporting previous work that suggests that a secondary viremia results in skin lesions (5, 26) . NHPs that succumbed earlier to infection did not develop as severe a lesional disease as those that survived longer, and this phenomenon accounts for much of the variability observed in the 5 ϫ 10 7 -PFU i.v. group. In the 5 ϫ 10 5 -PFU i.b. group, much variability also was observed in lesion counts, and the NHP that succumbed had the most severe lesional disease. The NHPs receiving 5 ϫ 10 6 PFU, regardless of route, developed a similar lesional disease that did not partition with outcome.
Ideally, a model of MPXV infection should lead to significant morbidity and mortality to facilitate the study of disease pathogenesis and the testing of countermeasures against severe disease. Therefore, the remainder of the manuscript will focus on the inoculation groups that had at least one moribund NHP: 5 ϫ 10 6 PFU i.v., 5 ϫ 10 7 PFU i.v., 5 ϫ 10 5 PFU i.b., and 5 ϫ 10 6 PFU i.b. Viral load in the blood and oral and nasal swabs. Viremia, or viral load in circulating blood, was measured by qPCR as described in Materials and Methods. The mean peak viremia was dose dependent in NHPs infected by the i.v. route but not by the i.b. route (Table 1) . The time to the initial detection of viremia did not appear to differ between the i.v. and i.b. groups (Fig. 2) , suggesting that virus entry into the bloodstream is rapid by i.b. inoculation as well. However, the viral load when first detected in the blood demonstrated some dose dependence,with the 5 ϫ 10 7 -PFU i.v. NHPs with 5.5 log 10 gene copies/ml, 3.8 log 10 gene copies/ml detected in the 5 ϫ Table 1 ), indicating that the route of exposure does impact the severity and progression of disease. Little to no dose dependence was observed between the two doses of i.b. inoculation, but this was due mainly to one NHP that succumbed rather quickly and recorded the highest viremia of any NHP in this study (9.3 log 10 gene copies/ml). -PFU i.v. group. However, all lesions were resolved, and viremia was not detectable by study end on day 36.
Viral shedding at the nasal and oral mucosa is known to be the primary mediator of variola transmission and has been implicated in MPXV transmission (24, 30) . Therefore, it was of particular interest to compare viral shedding in NHPs infected by both inoculation routes by the plaque assay of nasal and oral swabs as described in Materials and Methods (Table 5) . Although it must be noted that wide variation was observed within groups, mean peak virus titer in nasal swabs was consistent among all of the groups, ranging from 5.1 to 5.6 log 10 PFU/ml, indicating systemic virus spread and potential for transmission by both inoculation routes. The onset and peak virus titer of nasal swabs from the 5 ϫ 10 6 -PFU i.b. group, but not the 5 ϫ 10 5 -PFU i.b. group, was delayed by 5 and 3 days, respectively, compared to those of the 5 ϫ 10 7 -PFU i.v. group. In contrast to the nasal swabs, the virus kinetics and peak virus titer in oral swabs demonstrated wider variation between groups. The 5 ϫ 10 6 -and 5 ϫ 10 7 -PFU i.v. groups had detectable virus by study day 2 to 4, with a peak level of 4.4 and 5.0 log 10 PFU/ml, respectively, occurring on day 9. In NHPs infected by the i.b. route, the peak level of MPXV in oral swabs was slightly delayed in the 5 ϫ (Fig. 3) . In general, the distribution and level of virus replication in the analyzed tissues was comparable between the NHPs in the 5 ϫ 10 7 -PFU i.v. and 5 ϫ 10 6 -PFU i.b. groups, although virus titers typically were higher in the i.v. group in lymphoid and reticuloendothelial tissues. In contrast, the sole moribund NHP from the 5 ϫ 10 6 -PFU i.v. group had detectable virus in 5 of the 19 tissues presented, including lung, submandibular lymph node, sternal bone marrow, and tongue, suggesting that the systemic virus spread seen in the 5 ϫ 10 7 -PFU i.v. group was dose dependent. While i.b. inoculation directly seeds the lungs with virus, it was interesting that lung tissue from the 5 ϫ 10 7 -PFU i.v. group demonstrated similar levels and spread of infectious virus in the various lung tissues that were analyzed (Fig. 3A) . The 5 ϫ 10 7 -PFU i.v. group had mean virus titers of approximately 5.0 log 10 PFU/g in all six lung lobes, while i.b. inoculated NHPs had detectable virus in five of six lung lobes with considerably higher virus levels in the left and right caudal lobes. Notable differences in virus level were observed in the axillary, popliteal, and cervical lymph nodes, where the mean virus titers were greater than 100-fold higher in the 5 ϫ 10 7 -PFU i.v. group compared to those of the 5 ϫ 10 6 -PFU i.b. group (Fig. 3B) .
Tissues of interest with the less frequent detection of high levels of virus replication included liver, testes, ovaries, uterus, kidney, and spinal cord.
Development of neutralizing antibody activity. To measure the development of acquired immunity to MPXV, we evaluated the presence of neutralizing antibody activity by a flow cytometry assay using VACV-GFP (Fig. 4) . Neutralizing antibody could be detected by approximately day 5 or 6 in the 5 ϫ 10 7 -or 5 ϫ 10 6 -PFU i.v. groups, respectively, and was delayed by approximately 2 days in the i.b. groups. Peak neutralizing antibody activity was similar among the groups in this assay and persisted in nonsurvivors until the study's end. There was no difference detected in the onset or peak antibody activity between survivors or nonsurvivors across the routes or doses tested.
Effect of MPXV infection on cytokine and chemokine levels. Analysis of cytokine and chemokine levels at periodic blood draws during the study indicated that the overall response to infection was proinflammatory. As shown in Table 6 The peak fold changes of cytokine/chemokine levels within the i.v. and i.b. groups were largely similar. However, IL-1ra was the only cytokine tested that appeared to have a dramatic difference in peak levels between the i.v. and i.b. groups. The peak fold changes of cytokine/chemokine levels within the two dosage groups of the i.v. and i.b. groups also were similar, with the exception of IL-6, which was dramatically higher in the 5 ϫ ϩ monocytes demonstrated mean 6.1-fold and 7.29-fold increases by days 4.3 and 5 and then returned to baseline levels for the remainder of the study of both the 5 ϫ 10 6 -and 5 ϫ 10 7 -PFU i.v. groups, respectively ( Table 7 ). The 5 ϫ 10 5 -and 5 ϫ 10 6 -PFU i.b. groups had a mean 6.73-fold and 13.33-fold increase in monocytes on days 7.7 and 4.3, respectively. The CD14 ϩ shift persisted longer in the i.b. groups than for the i.v. groups. Shifts in T-cell populations were not as dramatic (Table 7) and were measured as a percentage of CD3 ϩ CD45 ϩ cells. CD8 ϩ T cells did not appreciably shift in moribund NHPs from the 5 ϫ 10 7 -PFU i.v. group. However, the surviving NHP showed a gradual rise beginning at day 9 and persisting until study end. The 5 ϫ 10 6 -PFU i.b. group had the greatest shift in CD8 ϩ T cells, with a peak average of 1.9-fold increase at day 12.67.
Differences in the CD8
ϩ T-cell populations in NHPs in the two lower dosage groups were relatively unchanged. CD4 ϩ T-cell levels decreased in each group, with the largest decrease observed in the 5 ϫ 10 6 -PFU i.b. group with an average 0.66-fold change at day 13.3 average. For the 5 ϫ 10 7 -PFU i.v., 5 ϫ 10 6 -PFU i.v., and 5 ϫ 10 5 PFU i.b. groups, the changes were largely short lived on a subject-by-subject basis.
Select necropsy and histopathology findings. Histopathological examination was performed on the same tissues as those that were selected for plaque assay comparisons. Lung and lymph nodes were the primary focus due to differences in the inoculation route, degrees of lymphadenopathy, and high viral titers observed between the groups.
By gross examination, the lungs of the 5 ϫ 10 7 -PFU i.v. group typically appeared relatively normal, with few subpleural lesions (Fig. 5A) . The histological examination of these lungs showed moderate to marked pneumonia consisting primarily of interstitial monocytic and granulocytic inflammation and edema with areas of pulmonary necrosis. Lungs from other NHPs in the 5 ϫ 10 7 -PFU i.v. group were similar to that of the NHP shown in Fig. 5A , with the major consistent finding of interstitial pneumonia of monocytic and granulocytic infiltration coupled with edema and areas of pulmonary necrosis. Fig. 5B) . Both moribund NHPs developed mild to moderate respiratory disease, as evidenced by occasional coughing and mild to moderate dyspnea during obser- Lymph nodes from NHPs in the 5 ϫ 10 7 -PFU i.v. and 5 ϫ 10 6 -PFU i.b. groups were evaluated grossly and histologically. The lymph nodes shown in Fig. 6 were taken from the same NHPs as those shown in Fig. 5 . Specifically, axillary lymph nodes from the 5 ϫ 10 7 -PFU i.v. group often demonstrated gross enlargement (lymphadenopathy) and one or more of the following, histologically: lymphoid necrosis, lymphoid depletion, lymphadenitis, diffuse sinus edema, sinus histiocytosis, neutrophilia, and occasional intracytoplasmic inclusion bodies within histiocytes (Fig. 6A) . Axillary lymph nodes from the 5 ϫ 10 6 -PFU i.b. group also were characterized by diffuse lymphadenopathy, and histologically there were active germinal centers and histiocytic phagocytosis of cellular debris within germinal centers and sinuses that also often were edematous. There also was occasional lymphocytolysis (Fig. 6B) , and in NHPs that had a concomitant bacterial infection there often was lymphoid necrosis with marked lymphoid depletion and bacterial lymphadenitis (not shown). Other significant gross and histopathologic lesions were noted in all challenge groups and will be reported separately.
DISCUSSION
Our goal was to expand the understanding of monkeypox pathogenesis in the commonly utilized i.v. model and evaluate the i.b. inoculation route as a new model of infection. i.b. inoculation was chosen because it (i) has been reported to be effective for other pathogens (4, 23, 27) , (ii) may prove to be more reliable and accessible than aerosol inoculation, and (iii) more closely resembles the natural route of infection (respiratory exposure) than i.v. inoculation (15) . It is believed that the i.v. inoculation of NHPs with MPXV bypasses key events early in infection during the incubation phase that may determine the severity of clinical disease. In fact, the i.v. inoculation of NHPs with 5 ϫ 10 7 PFU results in fever and lesion development by mean day 3 and 5, respectively. This is in contrast to human cases of MPXV and variola infection, where fever, malaise, prostration, and subsequent lesion development typically follow an approximately 12-day incubation phase after exposure (13, 31) . It was hypothesized that peripheral exposure, such as by i.b. inoculation, serves to extend the incubation phase and delay the progression of disease, since the bloodstream was not directly seeded with a large dose of virus. The direct seeding of the bloodstream by i.v. inoculation results in the greater accessibility of the virus to target organs, resulting in a rapid disease course. In the current study, the time to the onset of fever was more than doubled when the two high-dose groups were compared, the 5 ϫ 10 7 -PFU i.v. group (2.6 days) and 5 ϫ 10 6 -PFU i.b. group (6.3 days). In addition, the time to lesion appearance was delayed by 3 days, from 4.5 days for the 5 ϫ 10 7 -PFU i.v. group to 7.6 days for the 5 ϫ 10 6 -PFU i.b. group. Thus, the incubation phase did appear to be extended for i.b. inoculation, although it did not reach the length of time reported to be standard for human infection. Somewhat surprisingly, the time to the detection of viremia was equivalent between the two routes. These results nevertheless are an improvement in the model and were coupled with delays in time to (i) peak viremia levels, (ii) peak lesion development, (iii) peak cytokine levels, and (iv) reaching endpoint criteria. Such findings suggest that i.b. inoculation allows the study of disease events that are eclipsed by i.v. inoculation and more accurately reflects human disease.
The levels of virus replication in blood and in tissues were largely similar between the routes evaluated here and were comparable to those previously reported by Huggins et al. and Stittelaar et al. (17, 40) . Mean peak viremia was approximately 10-fold lower in the 5 ϫ 10 6 -PFU i.b. and 5 ϫ 10 6 -PFU i.v. groups compared to that of the 5 ϫ 10 7 -PFU i.v. group. Unexpectedly, the 5 ϫ 10 5 PFU i.b. group had levels of viremia similar to those of the 5 ϫ 10 7 -PFU i.v. group, but this was due mainly to the highest level of viremia (9.3 log 10 gene copies/ml) recorded in one moribund NHP from the 5 ϫ 10 5 -PFU i.b. group. Virus dissemination in tissues was influenced by route and dose, with the 5 ϫ 10 7 -PFU i.v. and 5 ϫ 10 6 -PFU i.b. groups demonstrating similar distribution and viral load. Lower doses with either route led to differences in pathogenesis. The involvement of the individual tissue types in overall pathogenesis is difficult to fully understand. Histopathological analysis also supports tissue damage by viral infection in the tissues with high viral load, including lung and lymph nodes. Clearly, the loss of reticuloendoethelial tissues and lymphoid organs either by direct cytocidal effects or secondary effects of infection would contribute to pathogenesis by impairing the ability of the host to combat infection. Virus infection of the lung would provide a means of transmission for the virus, and the resulting pathology also would affect overall health, although O 2 saturation measurements did not directly support this notion. The severe inflammation of the lung was observed in NHPs inoculated by both routes at the two highest doses, suggesting that the lung is a major target organ of MPXV.
The data from both inoculation routes supports the probability of MPXV transmission via an aerosol route, which has been implicated in human-to-human spread (1, 12, 18) . The plaque assay of respiratory tract tissues revealed moderate to high viral load at high doses independent of route. We also observed that high levels of infectious virus could be detected in nasal and oral swabs, which is consistent with previously reported data (19, 40) . NHPs inoculated with the lower doses by either route also demonstrated moderate to high virus titers in nasal and oral swabs, suggesting that mildly ill NHPs are shedding virus and could support transmission between NHPs or other susceptible animals. Also of note is that NHPs were shedding virus in nasal and oral swabs concomitantly with the onset of fever but prior to the presence of lesions. These observations also may hold true for humans, suggesting that infected people could shed MPXV virus in quantities sufficient to infect another person prior to showing clinical signs.
Overall, we observed a strong proinflammatory response as evidenced by the cytokine data presented, changes in PBMC population, and the development of neutralizing antibodies. The infection with 5 ϫ 10 6 PFU i.v. and 5 ϫ 10 5 PFU i.b. was well controlled by the NHPs and may provide further insight into identifying responses that improve survival. Neutralizing antibody activity was observed in all groups, and peak neutralizing antibody activity overlapped the peak viremia for each group for several days prior to the decline in viremia. The analysis of the PBMC populations revealed shifts that also support a proinflammatory response. CD14
ϩ monocytes increased the most, suggesting that the cytokine milieu promoted their development and possible recruitment from regional lymph nodes and tissues to sites of infection. The recruitment of monocytes to inflammation could result in two outcomes: (i) aiding in the clearance of damaged tissue and ultimately virus clearance by acting as an antigen-presenting cell, and (ii) further spreading virus throughout the body as monocytes are thought to be productively infected by orthopoxviruses (14, 33) . For the 5 ϫ 10 7 -PFU i.v. NHPs, the proportion of T cells shifted slightly to CD8 ϩ near the endpoint for each of the moribund animals, but it peaked at day 36 for the surviving animal; as this was at the study endpoint, it is difficult to determine the role of CD8 ϩ T cells in the clearance of MPXV. With the other groups a clear trend is less defined, as peaks occurred over a vast range of days and did not necessarily coincide with disease severity. A similar trend was observed for CD4 ϩ cells, but CD4 ϩ cells demonstrated slight decreases. Further studies will be needed to determine the role of T cells in MPXV pathogenesis.
In contrast to previous reports, our data do not support an immunopathology or rampant immune dysregulation similar to what has been suggested for variola virus infection of cynomolgus macaques (21) . Instead, we observed a strong proinflammatory response in all groups. NHPs in the 5 ϫ 10 7 -PFU i.v. and 5 ϫ 10 6 -PFU i.b. inoculation groups demonstrated the strongest changes with some differences, such as a stronger response for IL-6, IL-8, and G-CSF in the i.b. NHPs. The proinflammatory response paralleled the onset of viremia for each of the groups. However, the analysis of individual NHPs within each of the groups revealed a wide variation in response among the NHPs for each cytokine. Further definition of trends in the cytokine response may require expanded experimental groups to offset the wide variability in response.
The histopathological analysis of multiple tissues confirmed the spread of virus throughout the infected NHPs and, in particular, damage to epithelial regions. As observed in human disease, generalized lymphadenopathy was a fairly consistent finding between the two routes of inoculation; however, there were variations in the severity of lymph node pathology both between and within groups. Lymph nodes taken from i.v. inoculated NHPs that succumbed indicated lymphadenopathy due to lymphoid necrosis, lymphoid depletion, and the congestion of the lymphatics. Lymph nodes from i.b. inoculated NHPs and i.v. inoculated NHPs that survived demonstrated lymphadenopathy due to lymphoid hyperplasia and the development of germinal centers. The severity and types of pneumonia also varied between the inoculation routes. Histopathologic findings of the 5 ϫ 10 7 -PFU i.v. group lungs indicated interstitial pneumonia, which has been noted previously (34) ; within the 5 ϫ 10 6 -PFU i.b. group lungs, while there was some interstitial pneumonia present, there was also a necrotizing bronchopneumonia and, in one case, a suppurative pneumonia. The gross and histopathologic observations support and are consistent with the coughing and labored breathing observed in the i.b. group.
Furthermore, bronchopneumonia was reported as the most common disease complication of human smallpox, but it is unclear if bronchopneumonia was directly caused by VARV or a secondary bacterial infection (5) . Support for bronchopneumonia as a direct consequence of infection rather than a secondary bacterial infection comes from data that indicates that the mortality rate did not change after the advent of antibiotics (5, 26) . Our results indicate that bronchopneumonia is a direct result of MPXV infection, as six out of six NHPs in the 5 ϫ 10 7 -PFU i.v. group developed interstitial pneumonia. However, of these six, two were bacteremic, and the bacteremia was not specific to the lungs. Of the two animals within the 5 ϫ 10 6 -PFU i.b. group that succumbed, 1 NHP was bacteremic and the other was not, but both had indications of severe pneumonia. We cannot conclusively rule out that MPXV infection did not predispose the severely affected animals to secondary bacterial infections that resulted in a suppurative bronchopneumonia, lymphoid necrosis, and depletion. It is possible that the ulcerated poxviral skin lesions, or administering the agent via the i.b. route, caused a severe localized inflammatory response with subsequent tissue disruption resulting in opportunistic bacteria gaining vascular access, eventually causing sepsis in susceptible NHPs. Secondary bacterial infections have been reported in other NHP MPXV studies (34, 43) and, importantly, in clinical reports of smallpox (3, 26) . We chose to report and include bacteremic animals in our study, as secondary bacterial infections and other concomitant infections have been reported to contribute to MPXV (2) and variola disease in human cases that result in death (3, 26) . Considering the importance of the skin and epithelial barriers in protection against bacterial infections, it is not surprising that a disease that causes severe damage to the skin and other epithelia would result in secondary bacterial infection or sepsis.
Secondary bacterial infection may complicate immunological and pathological findings and make viral pathogenesis difficult to distinguish from overall disease pathogenesis. However, it needs to be considered that sepsis and other secondary infections may be a common feature of MPXV infection. Nevertheless, the high levels of virus replication and detection of viral antigen in the affected tissues indicate that MPXV replication was critical in the development of disease. Studies involving MPXV infection with and without intentional bacterial infection could help determine the role of bacterial infection in overall disease pathogenesis.
It has been reported that the MPXV infection of humans also is influenced by the route of inoculation. Reynolds et al. demonstrated that during the 2003 U.S. outbreak of the west African clade MPXV, the route of inoculation corresponded to the severity and spread of disease. Humans who had a complex exposure (evidence of scratch or bite) had more severe disease with an earlier onset by 5 days compared to a noninvasive exposure route (30) . Recent investigations using aerosol, intratracheal (i.t.), and intranasal (i.n.) MPXV administration provide further support that the route of inoculation plays a role in disease progression (34, 38, 39, 40, 43) . i.n. inoculation resulted in limited systemic classical pox disease, with no mortality (34) . When the results of the 5 ϫ 10 6 -PFU i.b. group reported herein are compared to those from NHPs administered 2.5 ϫ 10 6 PFU i.t. (39), the NHPs from the i.t. route had a higher mean mortality rate (100%) but a shorter time to death (16.3 days i.t. [39] versus 20 days i.b.). Viremia was similar, with 6.5 log 10 gene copies/ml for the i.t. route and 6.3 log 10 gene copies/ml for the i.b. route. Histopathological analysis indicates similar lung pathology, with fibronecrotic bronchopneumonia reported in both models. When the aerosol challenge route is compared to i.b. and i.t. routes, NHPs met euthanasia criteria at 10 days and have similar virus distribution, viremia, and bronchopneumonia with pleuritis. Thus, it is unclear whether any of the respiratory exposure models can be considered superior at this time. The further improvement of the i.b. methodology may provide a repeatable, easily accessible respiratory model for MPXV infection. Future studies would involve the modification of the inoculum and flush volumes and the further characterization of the pneumonia observed by both routes using molecular imaging techniques, such as positron emission tomography/computed tomography. Once these issues are addressed, larger study group sizes would be available to provide statistical significance to the observations. Overall, we were able to demonstrate that the i.b. inoculation route resulted in a classical pox-like disease with similarities to the commonly used i.v. model in terms of clinical, virological, and immunological parameters. Several key events were delayed in the highest doses tested of the i.b. model compared to those of the i.v. model, including the onset of (i) fever and lesion appearance, (ii) peak viremia, (iii) viral shedding in nasal and oral swabs, (iv) peak cytokine levels, and (v) endpoint criteria. Our data suggest that the 5 ϫ 10 6 -PFU i.b. model provides insight into pathogenesis that may be lost by the rapid severity of the 5 ϫ 10 7 -PFU i.v. model, and that the i.b. model should be considered for further studies of viral pathogenesis and countermeasures.
